Context. The (Zeeman-)Doppler imaging studies of solar-type stars very often reveal large high-latitude spots. This also includes F stars that possess relatively shallow convection zones, indicating that the dynamo operating in these stars differs from the solar dynamo. Aims. We aim to determine whether mean-field dynamo models of late-F type dwarf stars can reproduce the surface features recovered in Doppler maps. In particular, we wish to test whether the models can reproduce the high-latitude spots observed on some F dwarfs. Methods. The photometric inversions and the surface temperature maps of AF Lep were obtained using the Occamian-approach inversion technique. Low signal-to-noise spectroscopic data were improved by applying the least-squares deconvolution method. The locations of strong magnetic flux in the stellar tachocline as well as the surface fields obtained from mean-field dynamo solutions were compared with the observed surface temperature maps. Results. The photometric record of AF Lep reveals both long-and short-term variability. However, the current data set is too short for cycle-length estimates. From the photometry, we have determined the rotation period of the star to be 0.9660 ± 0.0023 days. The surface temperature maps show a dominant, but evolving, high-latitude (around +65
Introduction
Solar-type stars form a very broad class of stars from late-F to early-K type dwarfs and sub-giants, all containing a convective envelope over a radiative interior. Observations of these stars provide excellent constraints for theoretical dynamo models. Our understanding of the operation of the magnetic dynamo in such stars is based on the solar case, where the solar activity cycle is believed to be generated through dynamo action operating either in the convection zone or in the stably stratified layer beneath it (for a short overview of solar dynamo models see, e.g., Passos et al. 2014) . One would expect stars with an internal structure similar to that of the Sun, that is, stars with convective envelopes, to show the same type of dynamo operation. However, (Zeeman-)Doppler imaging studies frequently find large spots at high latitudes and large regions of a near-surface azimuthal field (not seen on the solar surface). For very active stars, it has been suggested that instead of a solar-like dynamo, ⋆ Partially based on observations made with the Nordic Optical Telescope, operated by the Nordic Optical Telescope Scientific Association at the Observatorio del Roque de los Muchachos, La Palma, Spain, of the Instituto de Astrofísica de Canarias. ⋆⋆ Based partly on STELLA SES data. which probably works in the overshoot zone, a distributed α 2 Ω-or α 2 -dynamo is likely to be present (Brandenburg et al. 1989; Moss et al. 1995) .
F stars possess relatively shallow convection zones. Nevertheless, observations show via the Doppler imaging method that at least some of these stars have high-latitude and even polar spots (e.g., AF Lep: Marsden et al. 2006; τ Boo: Fares et al. 2009 ; one of the components in σ 2 CrB: Strassmeier & Rice 2003) . Furthermore, surface differential-rotation estimates imply that δΩ increases with decreasing depth of the convection zone (e.g., Marsden et al. 2011b; Barnes et al. 2005a ). Theoretical models support this result (e.g., Küker & Rüdiger 2007) .
AF Lep (HR 1817, HD 35850 ) is an active, young, rapidly rotating, single solar-like star. The first photometric observations of the target are from the late 60s (Stokes 1972) , and it was also detected with EXOSAT (Cutispoto et al. 1991) . It has been identified as a member of the β Pictoris moving group, which has been estimated to have an age of ∼20 Myr (Fernández et al. 2008 and references therein; Binks & Jeffries 2014; Mamajek & Bell 2014) . The colours suggest a spectral classification of F8/9 (Cutispoto et al. 1996) . The high Li abundance (log N(Li)=3.2), solar metallicity, and high rotation velocity (v sin i = 50 km s −1 ) are consistent with the star being a A&A proofs: manuscript no. aa24229-14 young object. Furthermore, it has an unusually high intrinsic Xray luminosity of ∼ 1.6 × 10 30 ergs s −1 for a single, late-F-type star (Tagliaferri et al. 1994) .
The first photometric monitoring of the star by Cutispoto et al. (1996) did not reveal photometric variability. However, the flat-bottomed shapes of Stokes I line intensity profiles suggested that a dark spot is present on AF Lep (Budding et al. 2002) . Later, a photometric follow-up revealed a prominent photometric minimum in a phase diagram (Budding et al. 2003) .
This paper has two parts. In the first part, we explore what we can learn about AF Lep via photometric and spectroscopic observations. The second part of the paper consists of theoretical calculations aiming to determine whether high-latitude spots can be formed.
Observations and data reduction

Photometric observations
We started to observe AF Lep in March/April 2010 with the Amadeus, a T7 Automatic Photoelectric Telescope (APT) at Fairborn Observatory, jointly operated by the University of Vienna and Leibniz-Institute für Astrophysik Potsdam (AIP), with Johnson-Cousins V filter (for more details see Strassmeier et al. 1997b) . After that, four additional data sets were obtained (see Fig. 1 ). During the first observing run the star was observed from four to nine times per night for a month. The subsequent runs lasted longer -from four to five months -but the star was observed less frequently, and there are only one or two data points per night. Measurements were made differentially between the target, a comparison star (HD 36379), a check star (HD 34538) , and the sky position. The data reduction is automated and was described by Strassmeier et al. (1997a) and Granzer et al. (2001a) .
Spectroscopic and spectropolarimetric observations
Most of the spectroscopic and spectropolarimetric observations of AF Lep were carried out during two simultaneous observing runs with the fibre-fed STELLA Echelle Spectrograph (SES) mounted on STELLA-I (Tenerife; Strassmeier et al. 2004; Granzer et al. 2001b ) and the Anglo-Australian Telescope (AAT) with the SEMPOL visiting polarimeter (Semel et al. 1993; Marsden et al. 2011a) during December 2008 and November/December 2009. The STELLA observations were also continued into January 2010. Furthermore, AF Lep had been observed earlier in November 2005 with SOFIN at the Nordic Optical Telescope (NOT, La Palma). The STELLA data have a continuous wavelength coverage (3900-9000 Å) with a resolving power of 55 000. The spectra from the AAT have a shorter wavelength coverage (4380-6810 Å) but higher resolution (∼70 000). The SOFIN échelle spectrograph, acquired with the second camera, provides 33 useful orders in a spectral range of 3930-9040 Å. The slit width of 65 µm centred at 6427 Å gives a resolution of 76 000. More information is presented in Tables 1, 2 and 3, which are only available online.
Determining the rotation period
As summarised by Silva-Valio (2008) , for example, there are two methods that are used to determine a rotation period of a star. One uses rotational broadening of spectral lines. This method, The whole photometric record in the V-band: the blue arrowhead represents data from Stokes (1972) , the red asterisks data from Cutispoto et al. (1996) , the green bar illustrates the magnitude range from Budding et al. (2003) , and black dots represent this work.
however, is usable only for stars that rotate faster than a threshold velocity set by the spectral resolution and has always sin i uncertainty, i being the inclination of a star. Furthermore, it gives an average of the periods of the whole stellar disk. The other method uses the periodic modulation of the stellar flux due to the co-rotating dark and bright features on the stellar surface. The advantages of this method are that it can also be used for stars with long periods, it is only mildly affected by latitudinal differential rotation, and the obtained period corresponds to the period of the latitudes where these features are. However, normally, the information on the latitudes of stellar active regions cannot be extracted from a one-dimensional data set, that is, a light-curve. Lately, starspot detections during planetary transits are also used for estimating rotation periods that represent periods at specific latitudes (see Silva-Valio 2008, a.o.) . Lanza (2011) discussed differences in the spot distribution of the Sun and active stars. On the Sun, the active regions are a mixture of cool spots and bright faculae that evolve on different timescales. However, in very active stars, the cool spots probably dominate the variation. And not only that, but the optical variability of the Sun is dominated by several active regions at the same time. One has to keep in mind that sunspots and solar active regions have typical lifetimes of days to weeks (Solanki 2003) , whereas starspots have been observed to persist over a long time (e.g., Strassmeier 2009).
Co-rotating spots on the surface, pulsations, spot evolution, instrumental effects, and a combination of all of them can introduce periodic variations in the light curves. Despite these effects, light curves often show notable stability in the phase, shape, and amplitude of photometric variability over long times. Meibom et al. (2011) discussed the two possible explanations for this: either the spots are longer-lived than the sunspots, or they tend to emerge non-uniformly at preferred long-lived active longitudes. The outcome from the first scenario was that although on the Sun the lifetime of the spots increases linearly with area, and the solar log-normal spot distribution is strongly dominated by small spots, there is no evidence that the log-normal distribution holds for other stars. However, on other stars the small spots dominate as well, although they are very often unresolved (see, e.g., Lanza et al. 2009; Silva-Valio et al. 2010) . Furthermore, lifetimes of individual starspots can be short (Mosser et al. 2009 ), but the large-scale spot groups can live long (Hussain 2002) . The second possibility was that starspots emerge at preferred longitudes. Here it is assumed that the spots seen in photometry and in Doppler images are not huge individual spots, but rather spot groups consisting of a range of smaller spots emerging at preferred longitudes. This could lead to obtaining observed spottedness over longer periods of time although individual spots come and go. As Meibom et al. (2011) stated, the only requirement is that the emergence rate is high enough to maintain a rather stable spot coverage, but this is expected for young and active stars.
The rotation period of AF Lep has commonly been reported to be around one day: Budding et al. (2003) used P=1 d .0 for phasing photometry and Marsden et al. (2006) reported a period of ∼1 d .0 from spectroscopy). This is notoriously near the typical window of ground observations (P 0 = 0 d .9972), which creates challenges for determining the period from ground-based photometry. To achieve a good phase coverage using a single telescope, observations covering a long time-base are needed, which in turn may mean that the surface features (and thus the light curve) have undergone significant changes during this time. We can also expect significant problems with spurious periods very near the real one.
We applied time-series analysis methods to the March/April 2010 photometry set (Fig. 1a) . Using the Lomb method for unevenly sampled data (Press et al. 1992) , we detected a prominent double peak corresponding to periods of 0 d .97 and 1 d .03 (Fig. 2 ). Using the method described by Jetsu & Pelt (1999) , we estimated that the probability of 1 d .03 being a real period was 4 × 10 −6 , while 0 d .97 passed the test of being nonspurious. This method uses bootstrapping for the model parameter error estimates, evaluates the modelling statistics with the Kolmogorov-Smirnov test, and identifies spurious periodicities from real ones with the phase residual regression. We then applied the continuous-period search method (Lehtinen et al. 2011) , which accounts for changing spot patterns, using a window length (∆T max ) covering the whole data set. In practice, this meant fitting the model
to the observations (y). Here a 0 , a k , b k and f = 1/P phot are free parameters and t i the times of the observations. With the opti- 
to derive the rotation phases for our photometric and spectroscopic data. The phase diagram using this ephemeris for the March/April 2010 photometry is displayed in Fig. 3 .
Photometric variability
The collected photometry shows both long-and short-term variability. Moreover, if we compare the measured values presented in Fig. 1a with the first reported V magnitude of 6.37 (Stokes 1972) , one can conclude that the spot coverage has been larger in the past. The observed magnitudes can also be compared with magnitudes from the early 90s (V =6.30 and 6.29; Cutispoto et al. 1996 ), which were on the level of our faintest data points. The photometry from 2003 (V =6.35-6.25; Budding et al. 2003) shows that the mean brightness has slowly increased over the past 40 years to the values presented here. The whole photometric record (Fig. 1b) implies that AF Lep might have a long-term trend, and our four years of observations indicate that there is also variability on shorter timescales, although the data set is not long enough to obtain a reliable cycle length estimate. However, a local minimum occurred around mid-2011, A&A proofs: manuscript no. aa24229-14 a local maximum was reached around 2012/2013, and in early 2014 the star was dimmer again. Furthermore, the amplitude of the brightness variations implies rotational modulation due to changing spot coverage.
To analyse the short-term variability in detail, we inverted the light curves into stellar images (for details about the method, see Berdyugina et al. 2002) . As seen from Figs. 3 and 4a, from March/April 2010 it is possible to obtain a smooth light curve, where the data points from the beginning of the observing season match those obtained at the end of the season with the obtained period. However, the amplitude of the night-to-night variations is relatively large. In this subset, the spots are concentrated around phase ϕ = 0.0. However, the second data set (August 2010 -January 2011), shows significant short-term variations and can be divided into four subsets (Fig 4b-e) . These sets show moderate phase migration, and a secondary minimum appears in the light curves . A new subset was started when a clear change in the photometric behaviour was detected, that is, a real break in the observations, or when the subsequent data points started to form a maximum instead of a minimum. Variability is also present in later data sets, although observations are rather infrequent and, therefore, it is not always possible to create a continuous light curve over all phases (see Fig. 4g ), where observations covering 46 days have large scatter and a gap of 0.4 in phase. The photometric minimum is often rather broad, which agrees with high-latitude spots (see Sect. 5) and the inclination of the star.
The drifting of the spot longitudes around ϕ = 0.0 may be due to an error in the period, which is not easy to determine in this case, as discussed in Sect. 3. An alternative explanation might be a significant surface differential rotation. Using Zeeman-Doppler imaging with Stokes V-profiles, Marsden et al. (2006) derived values of Ω eq = 6.495 ± 0.011 rad d −1 and δΩ = 0.259 ± 0.019 rad d −1 for AF Lep. The third option might be drifting due to an azimuthal dynamo wave (Cole et al. 2014 ), although we recall that it is a competitive mechanism to the differential rotation, and the drift could be due to a combination of them.
Surface spot configuration
The spectroscopic observations were phased with the derived new ephemeris (Eq. 2). Local line profiles were calculated with the code of Berdyugina (1991) . This includes calculating the opacities in the continuum and in atomic and molecular lines, although in this paper molecular lines were omitted. Atomic line parameters were obtained from the Vienna Atomic Line Database (VALD; Piskunov et al. 1995; Kupka et al. 1999 ). The stellar model atmospheres used here are from Kurucz (1993) . The local line profiles were calculated for 20 values of µ = cos θ from the disk centre to the limb. The spectra were calculated for temperatures ranging from 4000 K to 6500 K in steps of 250 K. The Occamian approach was used to invert of the observed line profiles into stellar images (Berdyugina 1998) . A 6
• × 6
• grid on the stellar surface was used to integrate local line profiles into normalised flux profiles. With a set of stellar atmosphere models, the stellar image is considered as the distribution of the effective temperature across the stellar surface, as is commonly done in Doppler imaging. This code does not take differential rotation into account. The stellar parameters used are presented in Table 4.
The noise in both STELLA and AAT data was reduced using the least-squares deconvolution (LSD) technique (see Semel 1989 and for the algorithm, and References.
(1) Eggen (1986) ; (2) Tagliaferri et al. (1994) ; (3) Cutispoto et al. (1996) ; (4) Marsden et al. (2006); (5) Kim & Demarque (1996) ; (6) Blackwell & Lynas-Gray (1994) ; (7) this work. Järvinen & Berdyugina 2010 for the application). For this purpose, a line mask containing 93 spectral lines was built using lines within a wavelength range of 4770-6900 Å. They are mainly Fe i, Ni i, and Ca i lines. This gives a boost from S/N=100 to S/N=230 and from S/N=150 to S/N=320. From the SOFIN data, the surface temperature map was inverted using three spectral lines: Fe i 6411.64 Å, Fe i 6430.80 Å, and Ca i 6439.08 Å.
The resulting temperature maps are shown in Figs. 5 and 6. The fits to the observed spectra and LSD profiles are shown in Figs. 7-10 and the differences between the mean profile and the observed ones are illustrated in Figs. 11-14 to visualise spots moving through the line profiles (both sets of figures are available in electronic form only). To create the temperature map from 2005 observations, all available individual SOFIN observations were used. For the other temperature maps, mainly the SEMPOL spectra from the AAT were used because it gives the best phase coverage, and the long phase-gaps were filled using the STELLA spectra. For the spectropolarimetric SEMPOL observations there are four consecutive Stokes I exposures for each Stokes V exposure that were added together. The photospheric temperature of 6200 K agrees with earlier results and the spectral type of the star. A cool spot is located near the polar region of the star. The time separation of the maps in Fig. 5 is one year. Although the total spot coverage has seemingly changed very little, clear evolution is detected. In the first map (2008.95) the spot is formed from two components at ϕ = 0.77 (secondary) and at ϕ = 0.96 (primary). In the latter map (2009.92), the spot has grown larger and the two components now have equal sizes and form a larger spot that covers half of the polar longitudes. The middle point is at ϕ = 0.47 and the spot is also cooler. The mean latitude of the spot is around +65
• .
The maps presented in Fig. 6 have to be interpreted with care because of the large phase gaps in both data sets -in the first map phases ϕ =0.65-0.21 are covered, and the later map covers only phases ϕ =0.11-0.55. In the 2005.87 map the main feature is at ϕ = 0.00 with a tail, which has a mid-point at ϕ = 0.18. In the 2010.04 map the spot is again smaller with the mean phase of ϕ = 0.35. This map also has the lowest spot latitude (+61 • ). However, when taking into account the spatial resolution of the maps, the mean latitude of the spots remains relatively constant. The maps inverted from the data with an incomplete phase coverage have a broader temperature range than the maps inverted from the data with a good phase coverage. The high-latitude spot is anti-symmetric around the polar region in all the maps, and there are no low-latitude features. In this sense the maps presented here differ from the (∼2002.00) map by Marsden et al. (2006) , which shows a very compact polar (completely above latitude +75
• ) spot and some very weak low-latitude features.
To validate the obtained results, the spot configuration on AF Lep should be compared with spot configurations on other F dwarfs and with spot configurations on other fast-rotating (P≤1 d) dwarfs. Unfortunately, there are not many F dwarfs that have been mapped to date. A short overview of the current knowledge about the spot configuration in comparable stars is presented in Table 5 . Some binary components are included as well, although they do not make good comparisons because they are very different entities. More comparison targets can be found in an extensive list of Strassmeier (2009) .
High-latitude spots are thus common features in rapidly rotating dwarfs, and sometimes the maps show the whole polar region to be covered with spots. A more interesting aspect than how these high-latitude/polar spots can be formed would be whether low-latitude spots are detected or not. However, we recall that the maps have been made and visualised using different techniques. Therefore, it is difficult to judge how prominent the low-latitude features are. Furthermore, low-latitude features appear often less resolved as a result of lower spatial resolution. The simulations show that the places of the spots (or spot groups) are correct, but the temperature contrast suffers from the lack of resolution. Tagliaferri et al. (1994) have reported a lithium abundance of log N(Li) = 3.2 for AF Lep. Our 2005 observations do not cover the lithium line, but for the later observations this region is covered. We determined the lithium-line equivalent width for all individual spectra listed in Tables 1 and 2 . To do this, we fit- Table 5 . Overview of spot latitudes in comparable targets sorted according to the spectral type of the stars. In the "Spots" column P=polar, H=high-latitude, M=mid-latitude, and L=low-latitude. Parenthesis around the letter are used when spots are not always present in that latitude range or are weak. The binarity is stated in the "Note" column with "B".
Lithium abundance
Star
Sp. type P rot Spots Note Ref.
Notes.
(a) Only Zeeman-Doppler imaging maps, no brightness, spot occupancy, nor temperature maps. (Fig. 15) . As expected (see, e.g., Pallavicini et al. 1993; Cutispoto 2002) , the seasonal equivalent-width variations do not show any clear correlation with the phases of the spots. An excellent review of the relationship between spots and lithium equivalent width variations is given by Fekel (1996) . To determine the lithium abundance, we calculated synthetic line profiles, including both atomic and CN line blends. The abundance best fitting the 2008 data is log N(Li) = 3.25, while log N(Li) = 3.35 best describes data from both 2009 and 2010 (see Fig. 15 ) when the temperature is kept constant. The alternative is that the lithium abundance remains constant and the changes detected are due to overall temperature fluctuations. The model grid has temperatures in 250 K steps, and already one step down results in deeper line profiles than any of the observed ones. As Fig. 15 illustrates, the deformation of the lithium line is stronger in 2010 than in 2008. This agrees with the temperature maps, which show that the spot is larger and cooler in 2010 -although we recall that the phase coverage during 2010 is incomplete. The derived values agree well with the result by Tagliaferri et al. (1994) , implying that AF Lep is a young object. Furthermore, the literature gives varying values for the equivalent width (EW) of the lithium line on AF Lep. For example, Wichmann et al. (2003) reported EW=191 mÅ, while White et al. (2007) reported EW=135 mÅ. The values obtained by Mentuch et al. (2008) and Weise et al. (2010) are in between, EW=146 mÅ and EW=149 mÅ, respectively. The mean profile of the 2008 observations has an equivalent width of 160 mÅ, while the corresponding value from 2010 mean profile is 182 mÅ.
Dynamo solutions
Dynamo setup
The aim of this section is to use the theoretical results for the differential rotation and meridional circulation computed for a star of 1.2M ⊙ in a kinematic dynamo model to study whether we can produce a theoretical butterfly diagram that is comparable with the observed spot locations. We chose a spherical shell with r, θ, and φ being the radius, colatitude, and azimuth, and placed the inner boundary at 60% of the stellar radius R * (which is well within the radiative interior of a late-F star), while the outer radius is the stellar surface. The velocity is a vector field u, constant in time, containing the theoretical differential rotation and meridional circulation of the star (see, e.g., Fig. 16 ). They were obtained independently from a mean-field hydrodynamic model employing the Λ-effect and the baroclinicity emerging in rotating, stratified turbulence (Ruediger 1989; Kueker et al. 1993; Kitchatinov et al. 1994; Kitchatinov & Rüdiger 2005) . A comparison of a large set of differential rotation parameters obtained for low-mass stars from the Kepler mission (Reinhold et al. 2013 ) and the theoretical predictions by the Λ-effect theory (Küker & Rüdiger 2011) shows a fair agreement and gives us confidence in applying the method to a particular, observed star.
The other effect of rotating, stratified turbulence is the α-effect, which gives rise to a turbulent (averaged) electromotive force, generating poloidal magnetic fields from toroidal ones, and vice versa (Krause & Raedler 1980) . The existence of this net effect has been debated recently and may require the removal of small-scale magnetic helicity from the stellar convection zone (Blackman & Brandenburg 2003; Warnecke et al. 2011 ). We did not consider the exterior here and assumed that it grants the existence of the α-effect.
We solved the induction equation in the mean-field formulation with an α-effect,
where B is the large-scale magnetic field and u is a given velocity field. The equation also includes diamagnetic pumping, which is a result of a gradient in the turbulent velocities and often neglected in mean-field dynamos. Whenever a gradient in the turbulent magnetic diffusivity η T is implemented, a variation of the turbulence intensity is implied and requires treatment of the diamagnetic pumping (Krause & Raedler 1980; Kitchatinov & Olemskoy 2012) . The radius of the star R * and η T are used to normalise the induction equation, which then modifies to
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where we also split the α-tensor into a spatially varying part and a part depending on B 2 , since they are (assumed to be) independent. The resulting dimensionless parameters are C Ω = R 2 * Ω eq /η T and C α = R * α 0 /η T , with Ω eq being the equatorial surface angular velocity and α 0 the maximum α-effect in the star in m/s.
For better legibility, we omit all hats from the normalised quantities of r, u, B, α, and η in the following. In general, α is a tensor of which our α-term contains the symmetric part, while the antisymmetric part is represented by the diamagnetic pumping term, with all three distinct elements of the latter being equal to −∇η/2. The six distinct tensor elements of α for fast rotation (anisotropic α-effect) are α rr = f (r) cos θ (1 − 2 cos 2 θ),
α rθ = 2 f (r) cos 2 θ sin θ and
where r cz = 0.8 is the bottom radius of the convection zone and d = 0.02 is the thickness of the transition to the radiative interior, motivated by the results for the solar tachocline (e.g., Antia & Basu 2011) . The convection-zone thickness is based on a stellar model of a 1.2M ⊙ ZAMS star with solar metallicity, computed with the MESA stellar evolution code (Paxton et al. 2011 ). The quenching function ψ(B 2 ) represents the suppression of the turbulence by large-scale magnetic fields (Brandenburg et al. 1989) , that is, the strength of the α-effect, and is defined as
The magnetic field at which the α-effect drops significantly is the equipartition field strength, B eq = √ µ 0 ρ u rms , where µ 0 is the permeability constant, ρ the gas density, and u rms the root-meansquare convective velocity.
The magnetic diffusivity in the radiative interior is much lower than the turbulent diffusivity in the convection zone. We employ an arbitrary function for the non-dimensional diffusivity,
where η core = 0.01 is the diffusivity in the interior and η cz = 1 is the turbulent value in the convection zone. Assuming R * = 1.1R ⊙ , P = 1.0 days, and a turbulent diffusivity of η T = 10 12 cm 2 /s, we obtain a magnetic Reynolds number of C Ω = 4.09 × 10 5 . The meridional flow obtained in conjunction with the differential rotation is u m = 48 m/s, giving a flow Reynolds number of 363.1.
The bottom boundary conditions at r = 0.6 for the magnetic field correspond to perfect conductor conditions, while the top boundary at r = 1 has exactly vacuum conditions. The meanfield induction Eq. (4) is solved with the numerical code by Hollerbach (2000) . As already indicated, we read the velocity field u = (u r (r, θ), u θ (r, θ), u φ (r, θ)) from the output of the Λ-effect model for the convection zone. In the latter, the boundary conditions for the flow model were stress-free at the stellar surface and at the bottom of the convection zone. Note that this is not the bottom boundary of the dynamo model. Since the computational domain for the dynamo is larger, the differential rotation was extrapolated to sharply change to a uniform rotation in the radiative interior (as we know it does in the Sun). The choice of the rotation rate of the interior is free in principle, so we chose two cases: one takes the Ω of mid-latitudes in the convection zone, the other uses the equatorial Ω of the convection zone. The theoretical rotation patterns Ω(r, θ) for AF Lep are illustrated in Figs. 16 and 17. 
Results
The minimum C α for a growing antisymmetric (dipole-like) solution is 0.20, while it is 1.05 for the symmetric (quadrupolelike) solution. Since magnetic fields suppress the turbulence whence the α-effect (quenching), the effective α-effect is reduced to its lowest marginal value in any place where fields grow. A symmetric solution is therefore very unlikely in AF Lep. We concentrate on antisymmetric solutions in the following. For the estimated magnetic Reynolds number of C Ω = 4.09 × 10 5 , both antisymetric and symmetric solutions are stationary. Strong meridional circulation can change the oscillatory behaviour of the solutions into stationary ones (Küker et al. 2001) .
The latitudinal distribution of the azimuthal magnetic field at the tachocline and the radial field at the surface are plotted over time in Fig. 18 . The plot for the tachocline fields is motivated by the concept that the strong shear at the base of the convection zone generates strong azimuthal fields that eventually become buoyantly unstable and rise to the surface to form spots (not modelled here). The largest tachocline fields reside at low latitudes. With this location, high-emergence latitudes are extremely difficult to achieve, since thin flux-tube simulations do not show tubes emerging at axis distances smaller than the starting distance (Granzer et al. 2000) . The highest emergence latitude b e for a given initial latitude b i is therefore cos b e = r cz cos b i . An initial latitude (residence of strong dynamo fields) of 30
• results in a highest emergence latitude of 46
• . The largest azimuthal fields of B max φ = 5.5 occur at r = 0.75 because of the pumping, which is most efficient on stationary fields. The strongest radial surface fields are also constrained to latitudes below about 40
• . We do not believe the observed high-latitude fields can be explained with this dynamo solution.
Using an isotropic α-effect with α rr = α θθ = α φφ (corresponding to very slow rotation unlike AF Lep), we also obtain stationary solutions with an unchanged critical C α = 0.20. The Ω-effect is just much stronger in the toroidal-field equation than any of the various α-components.
The magnetic diffusivity is a relatively poorly known value in the bulk of the convection zones of the Sun and stars. We computed the dynamo solutions for two other values of η T , 10 11 and 10 13 cm 2 /s, leading to C Ω = 4.09 × 10 6 (LoEta) and C Ω = 4.09 × 10 4 (HiEta), respectively. These diffusivities correspond to diffusion times of 1900 yr and 19 yr, again using R * as the length scale. The ratio between rotational and meridional velocity is always kept the same. The LoEta run delivers a stationary solution as well, with a critical C α = 0.43. The HiEta run leads to an oscillatory solution with a critical C α = 10.8 -a stronger α-effect is now needed to compensate for the weaker Ω-effect. The butterfly diagram shows significant azimuthal fields at the tachocline and radial surface fields only below 60
• latitude (Fig. 19) .
In an attempt to increase the shear at high latitudes, we also employed a modified rotation profile that assumes that the stellar radiative interior rotates with the same velocity as the bottom of the convection zone at the equator (Fig. 17) . All other parameters are the same as for Fig. 18 . The solutions are now oscillatory, and the largest azimuthal field resides around 50
• latitude (Fig. 20) . Since fast rotation tends to increase the latitudes of the spot emergence as compared to the tachocline latitude of the flux (e.g., Granzer 2004), the spot latitudes from Doppler imaging may not contradict the dynamo solution. The observed spot latitudes can be a tool to probe the internal rotation of low-mass stars. The spin-down of the interior of such a young star may not have finished yet, in contrast to the Sun, where the interior rotates with a velocity seen at mid-latitudes on the surface.
If the value for the magnetic diffusivity is correct, the period of the cycles in Fig. 20 would be 4.5 yr. A possible cycle period of about 4 yr is indicated by the upper panel of Fig. 1 (see also Sect. 4), resulting in a full-cycle period of 8 yr including a field A&A proofs: manuscript no. aa24229-14 reversal. Given our ignorance of the exact turbulent magnetic diffusivity, the model cycle time is compatible with the observed long-term variability.
An alternative approach to the solar dynamo is the fluxtransport dynamo, which is based on the Babcock-Leighton effect. It has been widely used to explain the features of the solar cycle, but is not based on theoretical consequences of the turbulence. Instead, it assumes that toroidal magnetic flux emerges from the bottom of the convection zone in a time much shorter than the cycle, and it is the tilt of bipolar sunspot groups that contributes to a near-surface poloidal magnetic field. This new poloidal flux is eventually transported down to the bottom of the convection zone by the meridional circulation. The α-term in Eq. 4 is now modified to two variants: first, to a distribution typically used in the solar case, and a distribution motivated by the presence of spots on AF Lep near 70
• latitude. The α-term now reads
and the α-components need to be replaced by α rr = α θθ = α rθ = 0 and
where r s = 0.95 restricts the poloidal-field production to a nearsurface layer. These are purely geometrical descriptions; the only physical requirement is the anti-symmetry about the equator, achieved by cos θ, as was also used in the third line of Eq. 5. The main change is, however, the non-locality of this "α"-effect because it refers to the azimuthal field at the bottom of the convection zone, but acts at the surface. In contrast to solar fluxtransport models, we did not restrict α φφ to low latitudes, since this restriction is motivated by the low emergence latitudes of sunspots, which does not hold here. When employing the turbulent magnetic diffusivity of η T = 10 12 cm 2 /s as used in the distributed-α dynamos above, we obtain stationary solutions, as shown in Fig. 21 . In both cases, the solar-type and the high-latitude Babcock-Leighton effect, the solutions are confined to low latitudes. We omit the surface radialfield plot here, since the mechanism relies on active regions forming as the result of rising flux from the toroidal field at the base of the convection zone.
A second ingredient to a Babcock-Leighton dynamo is a relatively low η T . Figure 22 therefore shows the solutions for a value ten times lower (LoEta), resulting in C Ω = 4.09 × 10 6 . The solutions are now oscillatory. The solar case shows naturally low-latitude fields, but the high-latitude case also exhibits large toroidal fields at low latitudes, because the meridional circulation, which is equatorward at the base of the convection zone, has a stronger impact on the solutions at this low value of η T .
Finally, we tested a fast radiative interior as we did for Fig. 20 and repeated the computations of Fig. 22 . The results in Fig. 23 indicate that there is much less influence of the core rotation on the latitude of strongest toroidal fields in the Babcock-Leighton dynamo than in the distributed dynamo. Although there is a medium toroidal field up to latitudes of 60
• in the right panel of Fig. 23 , the much stronger fields at < 10
• should produce a clear activity pattern not higher than 40
• , even for a purely axial flux rise, which is not simulated here.
The various dynamo solutions presented here favour a distributed dynamo in the rapidly rotating convection zone of AF Lep, which gives results close to the observed spot latitudes if the radiative interior rotates as fast as the near-equator convection zone (unlike the solar radiation zone). We recall that the ZDI maps by Marsden et al. (2006) show regions of a near-surface azimuthal field, which also points to a distributed dynamo.
Summary and discussion
We have analysed both photometric and spectroscopic observations of the young active F dwarf AF Lep and studied whether the obtained results can be explained with theoretical models.
The long-term photometric record of AF Lep, which covers over 40 years of infrequent observations, shows that the star has become brighter over this time. While the whole period is not sufficiently sampled, the last 4.5 yr of observations are well covered and indicate a cyclic variation. The previously reported rotation period of ∼one day implied that finding the true period from ground-based observations is challenging, especially when the photometry also reveals short-term variability due to spot evolution and/or differential rotation. The photometric light curves indicate that the spot coverage can remain stable for months and then undergo several changes from month to month. With time-series analysis methods we have determined the rotation period to be 0.9660 ± 0.0023 days.
Multi-site spectroscopic observations were used to reconstruct surface temperature maps that all show a dominant highlatitude spot. This indicates that the dynamo operating in this shallow convection zone star must differ from that of the Sun. The mean longitude of the spots drifts with time, but the latitude remains relatively constant (within the accuracy of the temperature maps).
The lithium line of AF Lep shows some variability over the years. Because of the resolution (250 K) of the model calculations we cannot rule out that the variations are simply due to overall temperature fluctuations. A fluctuating Li abundance seems quite unlikely. Our results, as well as the results from others, have shown that the equivalent width of the lithium line keeps changing. However, the seasonal variations of individual equivalent-width measurements do not show any clear correlation with the phases of the spots.
We considered various dynamo solutions to produce a theoretical butterfly diagram that is comparable with the observed spot locations. A dynamo model based on a differential rotation profile in which the stellar interior rotates at the average surface angular velocity is not able to reproduce the high-latitude spots observed on AF Lep and also on other F dwarfs. However, if the stellar interior rotates with the same speed as the convection zone at the equator, it is possible to generate a substantial magnetic field at high latitudes of about 60
• . Such fast internal rotation may be compatible with the young age of AF Lep.
It is rather common that ZDI maps of the stars show the magnetic flux spread over a wide range of latitudes. Over the years, the maps have started to show more and more complex field topologies, and increasingly weaker field strengths are detected as well. Strassmeier et al. (2013) compared independent magnetic maps made by two codes from almost simultaneous observations (see Skelly et al. 2010 and Carroll et al. 2012) . The disparity of the two reconstructions is noticeable. As stated by Strassmeier et al. (2013) , one can only speculate about the reasons for the differences. Clearly more comparisons of the codes are needed and all reconstructions have to be interpreted with care. • latitudes. In both cases the toroidal magnetic field at the bottom of the convection zone is plotted because this is the field relevant for spots in the Babcock-Leighton scenario. 
